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Abstract
Further property enhancement of alnico, an attractive near-term, non-rare-earth permanent magnet alloy system, pri-
marily composed of Al, Ni, Co, and Fe, relies on improved morphology control and size refinement of its complex
spinodally decomposed nanostructure that forms during heat-treatment. Using a combination of transmission electron
microscopy and atom probe tomography techniques, this study evaluates the magnetic properties and microstructures of
an isotropic 32.4Fe-38.1Co-12.9Ni-7.3Al-6.4Ti-3.0Cu (wt.%) alloy in terms of processing parameters such as annealing
temperature, annealing time, application of an external magnetic field, as well as low-temperature “draw” annealing.
Optimal spinodal morphology and spacing is formed within a narrow temperature and time range (∼840 ◦C and 10 min)
during thermal-magnetic annealing (MA). The ideal morphology is a mosaic structure consisting of periodically arrayed
∼40 nm diameter (Fe-Co)-rich rods (α1 phase) embedded in an (Al-Ni)-rich (α2 phase) matrix. A Cu-enriched phase
with a size of ∼3–5 nm is located at the corners of two adjacent {110} facets of the α1 phase. The MA process sig-
nificantly increased remanence (Br) (∼40–70 %) of the alloy due to biased elongation of the α1 phase along the 〈100〉
crystallographic direction, which is closest in orientation to the applied magnetic field. The optimum magnetic properties
of the alloy with an intrinsic coercivity (Hcj) of 1845 Oe and a maximum energy product (BHmax) of 5.9 MGOe were
attributed to the uniformity of the mosaic structure.
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1. Introduction
Permanent magnets (PM) are widely used in daily life,
e.g. loudspeakers, electric motors in air conditioners, wash-
ing machines, and hybrid cars. PMs are also used in tech-
nological applications, such as traveling wave tubes, Hall-
effect sensors, and sorting or separation equipment [1, 2].
The PM family is mainly composed of ferrites, rare-earth
based PM (Nd-Fe-B and Sm-Co), and alnico [1, 2]. Al-
nico is an alloy system composed mainly of Al, Ni, Co, Fe
and a small amount of Ti and Cu. Alnico magnets have
attracted recent attention due to their good performance
at high temperature and worldwide abundance of their el-
emental components [1–3]. Alnico was discovered in the
1930s and had been continuously developed and optimized
until the 1970s. Currently, the commercial alnico alloys
with the highest coercivity and energy product (BHmax)
are alnico 8H with coercivity (Hcj) of 2.02 kOe and alnico
9 with a BHmax of 10.0 MGOe, respectively [2, 4]. The
commercial alloys consist of periodically distributed and
crystallographically oriented (Fe-Co)-rich (α1) rods em-
bedded in an (Al-Ni)-rich (α2) matrix form by spinodal
decomposition (SD) within an applied magnetic field [4].
Microstructural details depend on specific alloy chemistry
and processing [4]. Shape anisotropy of the α1 rods is
currently understood to provide a basic level of coerciv-
ity to the alloys [5]. The relatively high magnetic energy
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product of alnico 9 is derived from a directional solidifica-
tion process used to cast the magnet that provides over-
all microstructural alignment and magnetic hysteresis loop
“squareness”. Theoretical simulations performed for sim-
ilar systems suggest that alnico may be able to double its
energy product if the α1 rods can be controlled with a
volume fraction of 2/3 and a diameter of ∼5–15 nm [6, 7].
Alnico alloys achieve their best magnetic properties
after a complicated heat-treatment (HT) process, which
includes a high temperature (∼1250 ◦C) solution treat-
ment, followed by short-time thermal-magnetic annealing
(∼800 ◦C) and a long-time lower temperature stepped draw-
ing (∼550–700 ◦C) [8]. Previous studies indicated that the
magnetic properties of alnico are sensitive to the time and
temperature of the magnetic field annealing (MA), as well
as to the constituent elements of the alloy, including mi-
nor additions [4, 8–15]. However, a comprehensive in-
vestigation on how different HT parameters affect the mi-
crostructure and magnetic property evolution of alnico is
lacking. Better understanding of the effect of the various
processing steps on morphology and chemistry of the SD
phase separation process for alnico is required in order to
achieve the alloys theoretical limit. In this study, we have
delved further into unraveling the complex nanostructures
that control the alloy properties by careful microstructural
evaluation of an isotropic alnico alloy with different HT
process conditions. In particular, we analyzed the effects
of annealing time, annealing temperature, as well as the
presence of an external magnetic field. A combination of
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transmission electron microscopy (TEM) and atom probe
tomography (APT) techniques were used to characterize
both the morphology and chemistry of phases in the alloy.
2. Experimental details
Using commercial alnico 8H as a model composition,
a powder having a composition of 7.3Al-13.0Ni-38.0Co-
32.3Fe-3.0Cu-6.4Ti (wt.%) was produced by close-coupled
gas-atomization. The spherical gas atomized powders pro-
vide a uniform starting material. Sieved powders, <20 µm
in diameter, were loaded into a stainless steel can for hot
isostatic pressing (HIP). Before sealing, the powders were
outgassed at 425 ◦C for 2 h under vacuum (1.3× 10−3 Pa).
The HIP can was sealed under vacuum by electron beam
welding. The HIP process was performed under a pressure
of 60 MPa at 1250 ◦C for 4 h. Center sections of the HIP
consolidated alnico were cut into cylinders (3 mm diame-
ter and 8 mm length) using electrical discharge machining.
The resulting alloy was polycrystalline with random grain
orientations.
Since the HIP samples undergo slow cooling, the nanos-
tructures were reset by reheating the cylindrical samples at
1250 ◦C for 30 min in vacuum (1.3× 10−4 Pa) and quenched
using an oil bath. The samples were then annealed be-
tween 800 ◦C and 860 ◦C for different periods of time (0.5
to 60 min) with and without an external applied magnetic
field of 1.0 T. Some samples also went through an addi-
tional multi-stepped low temperature annealing or draw-
ing process that is typically used in industry. The first step
was at 650 ◦C for 5 h and the second step was at 580 ◦C for
15 h. The HT process that includes both 10 min magnetic
field annealing and multi-stepped drawing is termed “full
heat treatment (FHT) condition”. To capture the effect of
applying an external field on the morphology of SD phases
at the early stage of phase separation, APT analysis was
performed on two samples, which were annealed at 840 ◦C
for only 90 s with and without an external applied field
of 1 T, followed by a water quench to room temperature.
All other samples were furnace cooled to room tempera-
ture after their HT process. Samples labeled as A to H
were selected for TEM analysis and their heat-treatment
conditions are summarized in Table 1.
The magnetic properties were measured using a Lab-
oratorio Elettrofisico Engineering Walker LDJ Scientific
AMH-5 Hysteresis graph with a 5 mm coil and a maximum
applied field of 15.0 kOe at room temperature in a closed-
loop setup. TEM samples were prepared by mechanical
wedge-polishing followed by a short time, low-voltage Ar
ion-milling with a liquid-nitrogen-cold stage. TEM anal-
ysis was performed on transverse (observation along the
magnetic field direction during annealing) and longitudi-
nal (observation perpendicular to the magnetic field direc-
tion during annealing) orientations. An FEI Tecnai F20
(200 kV, equipped with a field-emission gun (FEG)) was
used for microstructural characterization. Scanning elec-
tron microscopy (SEM) was performed using an FEI Nova
FEG-SEM. For the MA sample, APT tips were lifted out
from a grain with its [001] crystallographic direction par-
allel to the external magnetic field direction. The orien-
Table 1: Heat-treatment conditions of samples analyzed by TEM.
Draw was performed for 5 h@650 ◦C followed by 15 h@580 ◦C.
Samples
MA
DrawTemperature Time Magnetic
(◦C) (min) Field
A 800 10 Yes
B 840 10 Yes
C 860 10 Yes
D 800 10 Yes Yes
E 840 10 Yes Yes
F 860 10 Yes Yes
G 840 1.5 Yes
H 840 60 Yes
I 800 10
J 840 10
K 860 10
tation of that grain was identified using orientation imag-
ing microscopy (OIM) on an Amray 1845 FEG-SEM. An
FEI Nova 200 dual-beam focused ion beam (FIB) instru-
ment was used to perform lift-outs and annular milling of
targeted grains to fabricate the needle-shaped APT spec-
imens. A wedge shaped lift-out geometry was used to
mount multiple samples on a Si “microtip” array to en-
able the fabrication of several needles from one wedge lift-
out [16]. APT was performed with a local electrode atom
probe (CAMECA LEAP 4000X HR). Samples were run in
voltage mode with a base temperature of 40 K and 20 %
pulse fraction at a repetition rate of 200 kHz. The datasets
were reconstructed and analyzed using the IVAS 3.6.12
software (CAMECA Instruments) [17, 18].
3. Experimental results
3.1. Effect of magnetic field annealing temperature
The effect of MA temperature on the intrinsic coerciv-
ity (Hcj) and saturation magnetization (Ms) is shown in
Fig. 1. The Hcj and Ms of MA-only, MA + 650
◦C (5 h
draw), and FHT samples are indicated by the blue, red,
and green lines, respectively. For all samples, it is obvious
that Hcj is very sensitive to the MA temperature. The
Hcj maximizes at 1360 Oe at 840
◦C for MA-only and at
1845 Oe after FHT. Note that low-temperature drawing
consistently increases Hcj and the peak position remains
at 840 ◦C. Each of the two annealing steps results with a
nearly constant increase. The first draw after MA caused
a slight decrease of Ms, but there is no obvious further
change of Ms after the final drawing. To better under-
stand how the applied magnetic field and various annealing
steps affect magnetic properties, microstructure evolution
of select samples, labeled as A through F in Fig. 1 were
examined in detail.
SEM images of the FHT samples subjected to MA at
800, 840 and 860 ◦C (samples D, E, and F, respectively),
are shown in Fig. 2. For all samples, an average grain
size of ∼30–100 µm was observed. The variation of con-
trast between grains is due to their random orientation.
At higher magnification, a small phase fraction of mixed
phases at the grain boundaries (GBs) can be observed.
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The thickness and, therefore, volume fraction of these GB
phases increase with increasing MA temperature. Energy
dispersive X-ray analysis (EDX) of sample F shows that
the bright region in the grain boundary is (Fe-Co)-rich,
while the gray region is (Al-Ni)-rich.
TEM examination of samples A through F was per-
formed along both the transverse and longitudinal direc-
tions. High-angle-annular-dark-field (HAADF) scanning
transmission electron microscopy (STEM) imaging (Z-contrast
imaging) was used to minimize strain contrast and to dif-
ferentiate phase morphology. HAADF-STEM imaging is
sensitive to the atomic number Z, i.e., elements with higher
atomic number will exhibit brighter contrast in the im-
age because of greater electron scattering at large detec-
tor collection angles [19]. Samples A, B, and C were
subjected to MA for 10 min at 800, 840 and 860 ◦C, re-
spectively, followed by furnace cooling. STEM observa-
tions along the transverse direction showed that diamond
shaped (∼20 nm diameter) and rod shaped ( ∼20 nm diam-
eter and ∼60–200 nm length) α1 phases coexisted in sam-
ple A (Fig. 3a). Also, Cu-enriched particles are observed
at the corners of the two {110} facets of the diamond shape
α1 phases [4]. The longer axis of the rod shape α1 phase
is aligned along the 〈100〉 crystallographic direction but
formed nearly orthogonal to the applied magnetic field.
Sample B has a well-defined “mosaic” patterned structure
(Fig. 3b), similar to commercial alnico 8 [4]. The α1 phase
has a diameter of ∼30–40 nm, indicating an increase in
the α1 rod diameter with a higher annealing temperature.
800 810 820 830 840 850 860
800
1000
1200
1400
1600
1800
2000
F
E
D
C
B
 
H
cj
 (O
e)
T (°C)
 MA only
 MA&650°C5hrs
 FHT
(a)
A
800 810 820 830 840 850 860
11.8
12.0
12.2
12.4
12.6
 
 
M
s (
O
e)
T (°C)
 MA only
 MA&650°C5hrs
 FHT
(b)
Figure 1: Effect of MA temperature on (a) Hcj and (b) Ms of MA-
only (blue), MA+draw@650 ◦C (red), and FHT (green) samples.
A further increase of MA temperature to 860 ◦C destroys
the well-defined mosaic pattern, as shown in sample C
(Fig. 3c), and the morphology of α1 phase becomes ir-
regular. Both large α1 regions with sizes up to 70 nm and
small α1 phases with a diameter of ∼10 nm were observed.
Cu-enriched particles were sometimes observed between
two α1 phases. Samples D through F were subjected to an
additional lower temperature drawing process (5 h@650 ◦C
followed by 15 h@580 ◦C), after MA at different tempera-
tures. Compared to the MA-only samples treated at the
same temperature, no significant morphology modification
was observed along the transverse direction after drawing,
as shown in Fig. 3d–f. However, there are some subtle
contrast changes in the α1 and α2 phases and morphology
changes in the Cu-rich phases as discussed below.
Observation along the longitudinal direction (Fig. 4)
showed that the α1 phase is elongated for all samples (A
through F), though less consistently for the samples sub-
ject to MA at 860 ◦C. For sample A, the diameter of
the elongated α1 phase is ∼20 nm. Small α1 precipitates
(∼3–5 nm), as indicated by dotted yellow arrows in Fig. 4a
and confirmed by EDS point analysis, were commonly ob-
served inside the α2 phase between two elongated α1 rods.
Small α1 precipitates agglomerate and form slightly bigger
particles after the drawing process, as exhibited by sample
D (Fig. 4d). For samples treated at 840 ◦C, the α1 rods are
∼30–40 nm wide and up to 1µm long. Cu-enriched rods
with a length of ∼10–50 nm precipitated along the edge of
the α1 rods in sample B (Fig. 4b). After the lower temper-
ature drawing process, the length of the Cu-enriched rods
increases to ∼200–300 nm, as shown in sample E (Fig. 4e).
For the sample subject to MA at 860 ◦C (sample F), small
α1 particles tended to coarsen after drawing. The length of
α1 rods had a wide size range between tens of nanometers
and up to 1µm, as shown in Fig. 4f.
3.2. Effect of magnetic field annealing time
Since MA at 840 ◦C is critical for the formation of a
well-defined mosaic pattern that produces maximum Hcj,
experiments were designed to study the effect of the MA
time at 840 ◦C on the magnetic properties. Samples were
treated at 840 ◦C for time ranging from 30 s to 60 min, fol-
lowed by furnace cooling. The measured Hcj values are
shown in Fig. 5. The blue line denotes samples with the
MA treatment only, while the green line denotes samples
treated with the FHT process. The Hcj first increases to
∼1400 Oe as MA time increases from 0 to∼3 min. Between
3 and 20 min, the Hcj stays relatively constant. After a
60 min MA, the Hcj decreases to ∼1100 Oe. Drawing im-
proves the Hcj of all samples and the increase of Hcj with
low temperature annealing for the drawn samples follows
the same trend as that for samples without drawing. Sam-
ples labeled as G and H in Fig. 5 were selected for further
TEM analysis.
Figure 6 shows the SD morphologies viewed along the
transverse direction of samples G, B (same as in Fig.3 but
used again here for comparison), and H with MA time of
1.5, 10 and 60 min, respectively. The diameter of the α1
phase increases from ∼15 nm to ∼35 nm with increasing
MA time from 1.5 min to 10 min, respectively. Most of the
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Figure 2: SEM images of samples (a) D, (b) E, and (c) F. The bottom row is a corresponding higher magnification image from the image
on top.
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Figure 3: HAADF STEM images of samples (a) A, (b) B, (c) C, (d) D, (e) E, and (f) F looking along the transverse direction. The TEM
images are taken close to [100] zone axis. A well defined mosaic pattern is only shown in sample B and E.
area imaged in sample G (Fig. 6a) formed a mosaic pat-
tern, but some regions exhibited a blurry contrast, which
appears to originate from incomplete phase separation. In-
creasing the MA time to 60 min drastically modifies the SD
morphology, as shown in Fig. 6c (sample H). The size of
the α1 phase transformed into a bimodal distribution dur-
ing the extended MA. The morphology consists of a larger
α1 phase with a size of ∼60–80 nm and a smaller round
(non-faceted) α1 phase with a size of ∼10 nm. The larger
α1 phase has alternating {100} and {110} facets. Some of
the smaller α1 phases are located at the regions between
two {100} facets of the bigger α1 phases and some of them
form clusters. Cu-enriched phases were also observed at
the corners of two larger α1 facets, but these Cu-enriched
phases are slightly smaller compared to those in sample B.
3.3. Effect of magnetic field
Finally, the magnetic field effect was analyzed by com-
paring the magnetic properties (Hcj and Br) of samples
treated with/without external magnetic fields at different
temperatures, as shown in Fig. 7. Samples treated in the
absence of a magnetic field at 800, 840 and 860 ◦C are la-
beled as I, J, and K, respectively, and are compared to
samples A, B, and C in Fig. 7. For both sets of samples,
there is a maximum Hcj at 840
◦C, but the Hcj of sample
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Figure 4: HAADF STEM images of samples (a) A, (b) B, (c) C, (d) D, (e) E, and (f) F looking along the longitudinal direction. Elongation
of the α1 phase is observed in all samples. Small α1 phases are indicated by yellow dotted arrows.
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Figure 5: Effect of MA time at 840 ◦C on Hcj of MA-only (blue) and
FHT (green) samples.
J is ∼840 Oe, which is smaller than that of sample B. The
presence of an external magnetic field barely affects the
Hcj of samples treated at 800 and 860
◦C. On the other
hand, all samples treated using a magnetic field have an
obviously higher Br (∼45 %) compared with those treated
without a magnetic field, as shown in Fig. 7b.
TEM analysis along the transverse direction shows that
the morphology of the SD phases in samples I and K
(Fig. 8a and 8c, respectively) is similar to that of sam-
ples A and C (Fig. 3a and 3c), indicating no biasing of
the microstructure along the transverse direction if MA is
performed away from the optimum temperature (840 ◦C).
However, a SD morphology difference (Fig. 3b and Fig. 8b)
was observed between sample B and sample J. Only some
areas of sample J exhibit a mosaic pattern. The faceting
of α1 rods is not as well defined as those in sample B.
Moreover, between regions with a mosaic pattern, there
are clusters of the α1 phase with smaller diameters, as
indicated by the white arrow in Fig. 8b. Viewing sam-
ples along the longitudinal direction showed that the SD
phase morphology is similar to that observed along the
transverse direction, which obviously suggests that the α1
phases in samples (I, J, and K) are oriented isotropically,
as expected without an external field biasing effect.
The effects of external magnetic field on the morphol-
ogy of SD phases at the early stage of SD are shown in the
3D APT reconstructed iso-surfaces in Fig. 9. The non-
field annealed (Non-MA) sample has α1 rods with their
longer axis aligned along all three orthogonal 〈100〉 direc-
tions (Fig. 9a) [20]. In contrast, in the MA sample, the
α1 phase is much longer and preferentially elongates along
the 〈100〉 direction closest to the external magnetic field
direction (Fig. 9b). The APT bulk composition from the
center of the α1 and α2 phases of both samples (Table 2)
shows similar concentrations in the two α1 and α2 phases,
indicating that the field mainly biases the morphology of
the SD phases and has no obvious effects on their chem-
istry.
Table 2: Phase compositions of the α1 and α2 phases in MA and
Non-MA samples.
Phase Sample Al Ti Fe Co Ni Cu
α1
MA 4.28 1.01 52.47 36.48 4.55 1.22
Non-MA 4.35 1.04 51.92 36.65 4.79 1.22
α2
MA 22.45 14.98 13.08 33.36 14.29 1.86
Non-MA 22.06 14.52 13.72 33.08 14.69 1.89
4. Discussion
The results presented clearly show that the magnetic
properties of alnico are closely related to the morphology of
the SD phases, which in turn are sensitive to both thermal
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Figure 6: HAADF STEM images of samples (a) G, (b) B, and (c) H looking along the transverse direction. The TEM images are taken close
to the [100] zone axis.
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Figure 7: Comparison on effect of magnetic field on (a) Hcj and (b)
Br of samples treated at different temperatures. Red line are from
samples treated with a magnetic field, while the green line are from
samples treated without a magnetic field.
MA and post-MA processing. The best magnetic proper-
ties are promoted by well-aligned rods of the α1 phase in a
uniformly spaced mosaic pattern. This pattern is observed
only if a magnetic field is applied in a very narrow tem-
perature range for a limited time (e.g. ∼840 ◦C for 10 min
for this alloy). Subsequent low temperature anneals are
required to further increase the coercivity, which can be
increased as much as 30 %. There are no apparent mor-
phological changes corresponding to the increase in the
coercivity, except for the elongation of the Cu-enriched
phase.
These results suggest that there is likely several mecha-
nisms at play in addition to SD. For alloys with a miscibil-
ity gap, a two-phase mixture can be formed by either clas-
sical nucleation and growth (NG) or by an SD path [21].
The NG path arises with small undercooling (low supersat-
uration) and requires relatively large localized composition
fluctuations [21]. The size of the nucleated second phase
grows with phase separation time. The SD path occurs
at large undercooling and the transformation occurs ho-
mogeneously throughout the alloy by continuous growth
of initially small compositional fluctuations [21]. Theoret-
ical studies on magnetic aging of the SD alloy showed that
early in the SD process, the composition wave length is
determined by the interplay of chemical free energy, elas-
tic energy, and magnetic energy [22, 23]. The elastic en-
ergy suppresses the system SD, while the magnetic energy
suppresses the development of composition waves along
the external field direction [23]. The magnetic energy can
have a serious effect on the SD process only when the al-
loy is annealed just below the Curie temperature, where
the change of magnetic energy is the largest [23]. Our ex-
periments showed that the MA process is very effective
in forming uniformly spaced rods only when MA is con-
ducted at a specific temperature range (∼840 ◦C for this
alloy, samples B and E in Table 1), which tends to support
this prediction.
Considering alnico as a pseudo-binary alloy that con-
sists of α1 and α2 phases with a miscibility gap, its phase
diagram may be illustrated schematically in Fig. 10. The
chemical spinodal line is defined by the inflexion point of
the isothermal free energy (G) composition curve
(∂G2/∂C2=0). The coherent SD line is defined by the
displacement of the SD curve due to strain energy. Since
the SD process is homogeneous and the SD phase is typi-
cally uniform within a grain [21], it is reasonable to assume
that a homogeneous structure with a periodic pattern in
the alloy implies that the alloy decomposes along the path
of SD. Transverse observations from TEM indicate that
samples A, B, and I (MA @ 840 ◦C or lower) follow a SD
path, while samples C, J, and K (MA@ > 840 ◦C) follow a
NG path. As a result, the SD coherent spinodal line shifts
upward due to application of an external field, as outlined
in Fig. 9. This may be because the application of an ex-
ternal magnetic field promotes elongation of the α1 phase
along the field direction substantially at 840 ◦C, which can
slightly modify the strain energy of the system and change
the phase separation mechanism perpendicular to the field
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Figure 8: Transverse HAADF STEM images of samples I (a), J (b), K (c), and longitudinal HAADF STEM images of samples I (d), J (e),
K (f).
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Figure 9: APT reconstruction of the alnico 8 sample annealed at
840 ◦C for 90 s with (a) an external magnetic field and without (b)
an external magnetic field. The initial nanostructures evolution is
viewed in perpendicular 〈001〉 directions, together with 30 at.% Fe
isoconcentration surfaces and 10 at.% Cu iso-surfaces. The dark
arrow in (a) indicates two orthogonally aligned α1 rods.
direction from NG to SD.
The similarity in the SD morphologies of samples treated
with MA only (samples A, B, and C in Table 1) and
FHT processes (samples D, E, and F in Table 1) reveals
that the shape of the α1 phase is established during the
MA stage by SD. Drawing may further “tune” the chem-
istry differences between the α1 and α2 phases, which can
cause larger magnetization differences between α1 and α2
phases. This is because at a much lower temperature (draw
annealing), the long-range kinetic effects during MA are
suppressed, but the chemical driving forces still allow for
small, but important chemical separation to continue. As
a result, there is a large increase in Hcj with FHT. Details
on the morphology and chemistry changes, as well as the
evolution of Cu-enriched phase during MA at 840 ◦C and
the drawing process, will be reported elsewhere.
Miscibility gap 
Chemical spinodal 
Coherent spinodal 
Coherent spinodal with 
external B  
RT 
860°C 
840°C 
800°C 
T	
α1 α2 
Figure 10: Schematic of phase diagram of alnico 8 by considering it
as a quasi-binary system with α1 and α2 phases.
The changes of the magnetic properties and microstruc-
tures with different MA time at 840 ◦C (samples G, B, and
H) suggest that the mosaic structure set by the MA process
after ∼10 min, which gives the best magnetic properties,
is a metastable structure. The α1 phase will grow into
a different morphology if the sample is subjected to MA
for a long enough time. The mosaic structure may be tem-
porarily stabilized by the Cu-enriched phase at the corners
of α1 rods, which introduces a large amount of strain and
constrains the growth of the α1 phase. Observation of the
Cu-enriched phase with a smaller size in sample H tends to
support the hypothesis that the α1 phase can grow larger
only after the Cu-enriched phase is broken into smaller
7
particles by extended magnetic annealing.
H 
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Figure 11: Arrangement of α1 phase with (a) and without (b) an ex-
ternal magnetic field. Red arrows indicate the direction of magnetic
moment inside the α1 phase.
Particle elongation during MA seems to be driven by
magnetostatic interaction, which is the same provider of
magnetic shape anisotropy and coercivity in alnico. For
shape anisotropy, the shape of the elongated magnetic
particles is fixed and the magnetization tends to align
along the longer axis of the particles to lower magneto-
static energy. Similarly, for particle elongation during MA,
the magnetization vectors of the magnetic phase are fixed
along the field direction (For simplicity, we assume that a
saturated field is applied along the [001] direction.) and
the magnetic phases tend to evolve into elongated shapes
with their long axes along or close to the field direction.
The two major phases in alnico, α1 and α2, have co-
herent lattices and the corresponding interfacial energy is
relatively small [23–25]. This results in a high sensitivity
of the microstructure to the external magnetic field during
MA, especially at the onset of SD and just below the Curie
temperature, when the composition difference between two
phases is still small, but the magnetization difference may
be large. The composition waves along the field direc-
tion are thus effectively suppressed at the initial stage of
SD [23]. Thus, a well-defined mosaic pattern is developed
within a short time during MA (Fig. 11a) perpendicular to
the field direction. After the SD phases become fully devel-
oped, the composition difference between the two phases
and their interfacial energy both increase. For an extended
MA, α1 rods may become larger and more round (with
both {100} and {110} faceting), as shown in Fig. 6c, to
minimize the interfacial energy. In the absence of an exter-
nal magnetic field, the α1 phase may still elongate along
a 〈100〉 direction and form closed loops to minimize the
magnetostatic energy. Elongated α1 phases embedded in
α2 phases still form in three dimensions, but the overall
microstructure is isotropic, as illustrated in Fig. 11b.
5. Conclusions
The correlations between magnetic properties, microstruc-
ture and HT conditions have been comprehensively studied
for alnico. The morphology of SD phases is very sensitive
to MA temperature and time for the alnico composition
in this study. A structure formed by uniformly spaced,
∼40 nm (diameter), {110} faceted α1 rods in a α2 matrix
can only be achieved for a narrow MA temperature range
(∼840 ◦C), and within limited MA time (∼3–10 min), re-
sulting in suitable magnetic properties, similar to commer-
cial magnets of this type. The external magnetic field aids
the formation of a well-faceted mosaic structure only at
the optimal temperature (∼840 ◦C). MA at different tem-
peratures causes elongation of the α1 phase as well, which
improves Br of alnico, but has no obvious effect on Hcj.
Low temperature drawing can further increase the alloys
coercivity by modifying local chemistry in the α1 and α2
phases and their interfaces, without substantially changing
the α1 rod diameter and spacing.
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